The among-tree differences in the inhibition of systemic dispersal of Bursaphelenchus xylophilus by Pinus densiflora were determined. Two-year-old branches were collected from four different aspects and at two different heights from six field grown P. densiflora. The virulent isolate of B. xylophilus, T-4, was inoculated on the upper end of 5-cm-long branch sections placed upright in a glass vial. The number of nematodes passing through the sections over 24 h was counted. Daily changes in the inhibition of systemic spread of the nematode were also determined. Two-year-old branches were collected at four hour intervals for 24 h from six additional trees. These branches were then inoculated with the nematode. The number of nematodes passing through the branch sections differed among the pine trees but did not differ between the branch heights or aspects. A diurnal change in the passing nematode number was observed only for a tree which grew on the top of a steep slope.
INTRODUCTION
The pinewood nematode, Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle, is the causative agent of pine wilt disease in Pinus densiflora Sieb. et Zucc. and P. thunbergii Parl. (Kiyohara and Tokushige, 1971; Mamiya, 1988) . The nematode enters healthy pine trees via feeding wounds made by insect vectors such as Monochamus alternatus Hope (Mamiya and Enda, 1972) . B. xylophilus then disperses in the resin canals of cortex and xylem at the early stage of infection (Mamiya, 1975a; Ishida et al., 1993; Fukuda, 1997) . Nematode-immobilizing and nematicidal substances are present in water, methanol, or dichloromethane extract of fresh wood and bark from resistant pine species, P. massoniana Lamb., P. strobus L., P. taeda L. and P. palustris Mill., before or after inoculation of the nematode (Bentley et al., 1985; Suga et al., 1993; Yamada and Ito, 1993; Hanawa et al., 2001) . Such substances are also found in susceptible pine species, P. densiflora and P. sylvestris L., although their concentration is not so high as to immobilize the nematodes (Bolla et al., 1984 (Bolla et al., , 1989 Bentley et al., 1985) . Thus pine trees are considered to possess the potential to inhibit the dispersal of B. xylophilus. Oku et al. (1989) devised a simple method to determine the location where the dynamic resistance against B. xylophilus infection occurred and the participation of chemical substances in the process. The method was to count the nematodes passing through 2.5 and 5-cm-long stem sections of pine seedlings during 24 h. Number of nematodes passing through the sections depends on the intrinsic dispersal ability of nematodes, inhibitory level of host trees against nematode dispersal, and sensitivity of nematodes to the host's inhibitory response (Togashi and Matsunaga, 2003) . Oku et al. (1989) showed that the nematode could not pass through stem sections of resistant hybrid seedlings of P. rigida Mill. and P. taeda but could pass through those of susceptible P. thunbergii. The results of these workers suggest that the inhibition of nematode dispersal may explain the different resistance levels among pine species. In addition to the interspecific difference, P. densiflora branches showed within-species differences in the inhibitory level against nematode dispersal. For example, there was a seasonal change in the number of nematodes that passed through the branches when a virulent B. xylophilus isolate, T-4, was inoculated (Matsunaga and Togashi, unpublished data). Genetic differences among trees and seasonal environmental conditions could influence the inhibitory level of the tree against the systemic movement of the nematode. If a diurnal change in environmental conditions affects the tree's physiological status greatly, diurnal differences in the inhibitory level may be observed. We also suspected that the inhibitory level differed among trees at a given time because trees may have different genetic constitutions and are subjected to different environmental conditions. If the susceptibility level of individual trees as a phenotypic trait can be expressed by the number of nematodes passing through excised branch sections, we can obtain a map of susceptibility distribution in a pine stand before, during and after the natural infection of pine wilt disease.
The aim of this study was to clarify the amongtree, within-tree, and diurnal differences in inhibitory level of P. densiflora against nematode dispersal using 5-cm-long branch sections and a virulent B. xylophilus isolate.
MATERIALS AND METHODS

Nematodes.
A virulent isolate of B. xylophilus, T-4, was subcultured on Botrytis cinerea Persoon grown on barley grain in 50-ml glass containers at 25°C and 100% R.H. in the dark. After 6 or 9 days of culture, the nematodes were isolated by a Baermann funnel technique at 25°C in the dark for 48 h, rinsed twice with distilled water, adjusted to a concentration of 10,000 nematodes (mixed stages) per 1 ml of water, then stored at 5°C. Nematodes were then used within 5 days of the end of isolation.
The frequency distribution of developmental stages in nematode populations prepared for inoculation was determined. A drop of nematode suspension adjusted to contain a nematode concentration for inoculation was placed on a glass slide and diluted by adding distilled water. The slide then was heated at 60°C to kill the nematodes. About 200 nematodes were counted and the developmental stages were discriminated by morphology and body length as described by Mamiya (1975b) under light microscope at magnification of 40 to 400. The developmental stages were classified into egg, propagative juveniles of second, third, and fourth stages, dispersal juveniles of third stage, and adults.
Procedures. Two-year-old, live branches were taken from healthy P. densiflora trees growing under isolated conditions at the Higashi-Hiroshima Campus of Hiroshima University, Hiroshima Prefecture. The bases of cut branches were placed in water and one ca. 5-cm-long section, the tracheids of which included air, was cut off from each of the bases in the water to examine the possibility of a natural field infection of B. xylophilus. All branch sections used were free of natural infection as determined by Baermann funnel extraction of samples from the branches. The remaining length of each of the two-year old branches then was cut into three 5.0-cm-long sections in water. The diameter of the branch sections ranged from 0.8 to 1.4 cm. Water was removed with tissue paper (JK wiper ® ) from bark surface of branch sections, and then a scalpel was used to remove a thin section from each end of the section. This was done to remove any exuding oleoresin that had sealed the ends of the branch sections. Individual 5-cm-long sections were placed upright in 10-ml glass vials (4.5 cm deep, 1.7 cm in diameter) containing 3-ml water.
A 20 ml aliquot containing 200 nematodes was pipetted onto the upper cut end of 5.0-cm-long individual branch sections placed upright in vials. It was observed that the nematode suspension was absorbed into the section within one minute, after which the sections were kept at 25°C and 100% R.H. in the dark for 24 h. Following the incubation period, the number of nematodes that emerged from the bottom end of the branch submerged in water was determined.
Effect of positional location of the branch and branch height on nematode dispersal. Differences in movement of nematodes were determined in eight two-year-old branches taken at two different heights and from four different aspects from each of six healthy P. densiflora trees designated trees A, B, C, D, E and F. The branches were harvested from trees A, B and C between 15:10 and 15:50 h on 20 August 2002 and from each of trees D, E and F between 12:00 and 14:20 h on 22 August 2002. The weather at the time of sampling was cloudy on 20 August and sunny on 22 August, and the mean air temperature during the sampling was 26.0°C and 26.6°C, respectively, as measured at an AMeDAS station 2.5 km northwest of study area by the Japan Meteorological Agency. One section was cut off first from each of 24 branches from three trees and the sections were inoculated in a random order. Two additional sections obtained from each of the 24 branches were also inoculated. Height, DBH, lower limit of crown height and age of trees were recorded (Table 1 ). The height measured from the ground to the base of the connection of the branch to the stem of the tree and the age of branches, including sampled two-year-old branches, were also recorded.
Diurnal change in passing nematode number through branch sections. One two-year-old branch was taken from each of six healthy P. densiflora trees, G, H, I, J, K and L (Table 1) at 4-h intervals during 24 h between 2 to 3 September 2002.
Weather was fine at the time of all samplings except 8:00 of both days when it was cloudy. Air temperature during the study period averaged 24.3°C fluctuating from 31.5°C at 16:00 on 2 September to 19.1°C at 4:00 on 3 September. After each sampling, each of six branch sections first cut off from branches was randomly inoculated with B. xylophilus. Another two sections from each branch were inoculated with the nematodes.
To detect the diurnal change in an inhibitory effect of branch on nematode dispersal, a cosine curve with a cycle of 24 h was fitted by a least squares spectrum (Sasaki, 1978) to the daily change in the number of nematodes passing through branch sections for each tree. The cosine curve is expressed as A cos(wtϪf)ϩM, where w is angular velocity of p/12 rad/h and t is time beginning with eight o'clock in the morning. Daily change with significant amplitude was regarded as trees showing a diurnal change in the inhibitory effect.
Statistical analyses. One-, two-, and three-way ANOVAs were used to compare the number of nematodes passing through branch sections. When nematode number varied greatly, logarithmic transformation of log 10 (xϩ1) was performed to make variance independent of mean. Tukey's honestly significant difference method and Bonferroni's arranged p value were applied for multiple comparisons among pairs of means.
RESULTS
Effect of positional location of the branch and branch height on nematode dispersal
Second-stage propagative juveniles made up 43% of the population within the inoculum. This was followed in order by third-stage propagative juveniles (23%), third-stage dispersal juveniles (16%), adults (14%) and fourth-stage propagative Tree Inhibition against Nematode Dispersal 273 a Age and height of branch from which two-year-old branches used were obtained. The height was measured from the ground to the base of the connection of the branch to the stem of the tree.
juveniles (3%).
Mean number of nematodes passing through a section during 24 h varied greatly among branches, ranging from 34.0 to 138.3 (Table 2) . Consequently, passing nematode number differed significantly among the six trees (Table 3) ; Passing nematode number was significantly greater for trees C, E and F than for trees A and B (Table 2 ). However it did not differ significantly when between branch heights or the four aspects from which the branches were taken was compared (Table 3) .
Diurnal change in passing nematode number through branch sections
The largest proportion of nematodes in the inoculum used for these experiments was made up of third-stage dispersal juveniles (34%). This was followed, in order, by second-stage propagative juveniles (21%), third-stage propagative juveniles (20%), adults (15%), and fourth-stage propagative 274 K. MATSUNAGA and K. TOGASHI There was a great variation in passing nematode number among branches (Table 4) . Two-way ANOVA showed that the passing nematode number differed significantly among six trees, among seven inspections conducted at different times in a day and in their interactions (Table 5) . Passing nematode number was significantly smaller for tree J than for five other trees (Table 4) . Mean number of passing nematodes was smallest at 12:00 and greatest at 8:00 of the second day (Table 4) .
One-way ANOVA showed that passing nematode number differed significantly among the seven inspections for three trees, H, J and K, but did not differ significantly for trees G, I and L (Table 6 ). The largest number of nematodes passed through the branch sections from tree H that was inoculated at 0:00 midnight. However in the cases of trees J and K, the largest number of nematodes passed through the branches following inoculation at 8:00 on 3 September (Table 4) .
Fitting a cosine curve with a cycle of 24 h to the daily change in the passing nematode number showed a significant amplitude in tree H (pϭ 0.0003) and insignificant amplitudes for the five remaining trees (pϭ0.155 for tree G, pϭ0.438 for tree I, pϭ0.074 for tree J, pϭ0.295 for tree K, and pϭ0.391 for tree L). Consequently, the daily change in passing nematode number (y) in tree H was significant and represented by yϭ25.163 cos(pt/12Ϫ0.268)ϩ44.290.
Thus, tree H greatly inhibited B. xylophilus from dispersing in branches at about 13:00 (Fig. 1) .
DISCUSSION
The present study showed a significant differTree Inhibition against Nematode Dispersal 275 ence among P. densiflora trees in the number of B. xylophilus passing through short branch sections. However there was no effect of height or of branch aspect on the dispersal of the nematode. To eliminate the effect of nematode isolate on the results we used only one B. xylophilus isolate in this study.
Thus, the difference in passing nematode number is directly related to the inhibitory ability against nematode dispersal among P. densiflora trees. Tree mortality of P. thunbergii increases as the number of nematodes inoculated increases (Hashimoto and Sanui, 1974) . At an early stage of infection B. xylophilus disperses in P. thunbergii shoots through resin canals of cortex and xylem (Mamiya, 1975a; Ichihara et al., 2000) . Thus the inhibition of nematode dispersal by branches or shoots may be negatively correlated to the tree susceptibility to pine wilt disease. Actually, Oku et al. (1989) suggested a positive correlation between the inhibition level of excised stem sections and resistance level using susceptible P. thunbergii and a resistant P. rigida-P. taeda hybrid. In this study the inhibition level differed among P. densiflora trees, suggesting that the P. densiflora trees used for the study may have had different levels of susceptibility to B. xylophilus infection.
High air temperature, low soil moisture and low light intensity increase the tree mortality in re- Fig. 1 . Diurnal change in the number of Bursaphelenchus xylophilus passing through 5-cm-long, 2-year-old branch sections of Pinus densiflora tree H. Each circle represents the number of nematodes passing through a section. A cosine curve fitted to the data is depicted. a The number of nematodes was log-transformed to make variance independent of mean before application of ANOVA.
sponse to B. xylophilus infection (Kiyohara, 1973; Suzuki and Kiyohara, 1978; Kaneko, 1989) . Air temperature and light intensity change during a day, influencing daily changes in photosynthetic products, and water status within a tree changes during a day. Significant difference in the inhibitory level during a day was observed for three trees but not for three other trees. Intriguingly, only tree H showed a diurnal change in inhibitory level. This tree was growing on the top of an east-facing, steep slope at an angle of 52°and must have been subjected to greater water stress than the five remaining trees on flat ground. These facts suggested that the inhibitory level against nematode dispersal may be affected by the tree's physical environment.
In addition seasonal change in the inhibitory level has been observed (Matsunaga and Togashi, unpublished data). Thus, it was considered that environment conditions affected tree physiological status in a cumulative manner in most cases and that tree physiological status affected the inhibitory level.
